Introduction
============

Induced pluripotent stem cells, which represent an ideal cell source for future cell therapy and regenerative medicine \[[@b1], [@b2]\], can differentiate into fully functional cardiomyocytes (CM) exhibiting cardiac-like transmembrane action potentials, intracellular Ca^2+^ transients and contractions, as well as responsiveness to autonomic agonists and antagonists \[[@b3], [@b4]\]. While most iPSC lines described so far were derived from dermal fibroblasts or other cell sources which require harvesting by surgical intervention, we recently reported the successful generation of iPSC derived from HFKT \[[@b4]\]. The HFKT-iPSC-derived spontaneously beating cardiomyocytes (HFKT-iPSC-CM) displayed well-coordinated intracellular Ca^2+^ transients and contractions which were readily responsive to β-adrenergic stimulation with isoproterenol.

Although major aspects of the excitation--contraction coupling of iPSC-CM have been well-described, almost nothing is known on the ultrastructural characteristics of these cardiomyocytes. In this regards, Fujiwara *et al.*\[[@b5]\] suggested that iPSC-CM generated from human adult fibroblasts have some ultrastructural features of cardiomyocytes. The aim of this study was to investigate in details the ultrastructural characteristics of cardiomyocytes derived from iPSC. Specifically, 31-day-old (post-plating) *HFKT-iPSC-CM*, were analysed, and compared to hESC-CM.

Here we report that HFKT-iPSC-CM and hESC-CM have similar ultrastructure, thus supporting the view that iPSC provide a viable autologous cell source for cardiac regenerative therapy.

Materials and methods
=====================

Generation of hESC-CM and HFKT-iPSC-CM
--------------------------------------

iPSC were generated from human hair follicle keratinocytes as detailed in our recent publication \[[@b4]\]. hESC from clone H9.2 were grown on mouse embryonic fibroblast feeder as previously described \[[@b6]\]. hESC and iPSC were spontaneously differentiated towards embryoid bodies (EBs) and cardiomyocytes as previously described \[[@b3], [@b6]\].

Microelectrode array (MEA) recordings
-------------------------------------

Extracellular electrograms were recorded from spontaneously contracting EBs, using the MEA set-up (Multi Channels Systems, Reutlingen, Germany) as previously described \[[@b4], [@b7], [@b8]\].

Whole-cell current clamp recordings
-----------------------------------

For the current clamp studies spontaneously beating small cell clusters or isolated cells produced after dissociation of the HFKT-iPSC-CM were studied following plating on top of gelatin or fibronectin-coated glass cover slips. The patch pipette solution contained (mM): 120 KCl, 1 MgCl~2~, 3 Mg-ATP, 10 HEPES, 10 EGTA (pH 7.3). The bath solution contained (mM): 140 NaCl, 5.4 KCl, 1.8 CaCl~2~, 1 MgCl~2~, 10 HEPES, 10 glucose (pH 7.4) (all materials from Sigma-Aldrich, St. Louis, MO, USA). Action potentials were recorded using the current clamp mode. Axopatch 200B, Digidata 1322 and pClamp10 (Molecular Devices, Sunnyvale, CA, USA) were used for data amplification, acquisition and analysis.

Transmission electron microscopy
--------------------------------

Transmission electron microscopy (TEM) was performed on 31-day-old (post-plating) EBs derived from HFKT-iPSC and hESC fixed with 2.5% glutaraldehyde in 0.1M cacodylate buffer \[pH 7.4, room temperature (RT)\]. The samples were post-fixed for 1 hr in buffered 1% OsO~4~ with 1.5% K4Fe(CN)6 (potassium ferrocyanide-reduced osmium) at RT. Fixed EBs were embedded in 1% agar, dehydrated in graded ethanol series and further processed for epoxy resin (Agar100) embedded at 60°C for 48 hrs \[[@b9], [@b10]\]. One-micrometre-thick sections (semi-thin sections) were stained with 1% toluidine blue (blue sections) and examined by light microscopy. The ultra-thin sections were cut with a diamond knife at 60 nm thicknesses using an RMC ultramicrotome (Boeckeler Instruments Inc., Tucson, AZ, USA) and double stained with 1% uranyl acetate and Reynolds lead citrate. Ultrastructural examination was performed with a Morgagni 286 transmission electron microscope (FEI Company, Eindhoven, The Netherlands) at 60 kV. Digital electron micrographs were recorded with a MegaView III CCD and iTEM-SIS software (Olympus, Soft Imaging System GmbH, Münster, Germany) was used for morphometry. The lengths and widths of cardiomyocytes were considered as the largest and smallest dimension of cross-sectioned cells, and were expressed in micrometre. Nucleo-cytoplasmic ratio (N/C) was calculated as the ratio between the measured cross-sectional areas (μm^2^) of the nucleus and the cytoplasm measured with iTEM software. In each group of EBs, we randomly chose cells to measure the nucleus/cell area ratio, cell dimensions and Z bands. Twenty-eight cells with visible nucleus were measured on 25 randomly-selected electron micrographs at lower magnification for each sample (HFKT-iPSC-CM and hESC-CM). The images were made on three EBs containing HFKT-iPSC-CM and three EBs containing hESC-CM. The areas of nucleus and cell body, and the maximum length and width were measured. Nucleo-cytoplasmic ratio was calculated as the ratio between the measured cross-sectional areas of the nucleus and the cytoplasm. The Z-like structures were counted in 28 cells. The sarcomeres dimension was measured on 10 cells having at least two sarcomeres.

Semi-quantitative assessment was made on 25 electron micrographs at lower magnification (5400×) for each sample. To evaluate the amount of organelles (mitochondria, endoplasmic reticulum, lipid droplets, glycogen, sarcomeres), a scoring system was employed in cardiomyocytes using the ultrastructure of embryonic stem cells as a reference (0: few isolated organelles; 1: small groups of 3--5 organelles or 25% of cells; 2: groups of 5--10 organelles or 50%; 3: numerous groups of organelles or \>50%).

Statistical analysis
--------------------

The morphometric parameters of width and length of cardiomyocytes were compared by means of the Student's *t*-test for unpaired observations.

Results
=======

HFKT-iPSC-CM physiology
-----------------------

The functionality of the iPSC-CM is illustrated by robust extracellular electrograms recorded by the MEA data acquisition system ([Fig. 1A](#fig01){ref-type="fig"}). In addition, the functionality of these cells is also demonstrated by representative recordings of spontaneous generated action potentials with prominent pacemaker potential ([Fig. 1B](#fig01){ref-type="fig"}). Similar results were obtained in eight preparations and were previously described \[[@b4]\].

![Electrophysiological features of cardiomyocytes derived from iPSC generated from human plucked hair follicle keratinocytes (HFKT-iPSC-CM; clone KTN3). (A) Extracellular electrograms recorded by means of MEA data acquisition system from a spontaneously contracting embryoid body (EB). (B) Representative action potential recordings from a spontaneously contracting EB (clone KTN3), demonstrating the pacemaker activity of the HFKT-iPSC-CM.](jcmm0015-2539-f1){#fig01}

The overall ultrastructural features of EBs
-------------------------------------------

Light microscopy inspection of semi-thin sections from resin-embedded samples revealed EBs as spherical dense cellular colonies in both HFKT-iPSC-CM ([Fig. 2A](#fig02){ref-type="fig"}) and hESC-CM ([Fig. 2B](#fig02){ref-type="fig"}). As shown in [Figure 3](#fig03){ref-type="fig"} (blue sections, insets), the cells in the periphery of the EB were elongated with a rod-shaped morphology, and often a clear cross-striations pattern of myofibrils was visible in the cytoplasm ([Fig. 3](#fig03){ref-type="fig"}). In contrast, the centrally-located cardiomyocytes were densely packed, round-shaped, with no visible striations, but with numerous lipid vacuoles and glycogen content ([Fig. 4](#fig04){ref-type="fig"}, blue sections, insets). Electron microscopy showed that all EBs contain similar cells with ultrastructural features of cardiomyocytes ([Figs 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}) surrounded by a monolayer of epithelial cells. The HFKT-iPSC-CM ([Fig. 3A](#fig03){ref-type="fig"}) and hESC-CM ([Fig. 3B](#fig03){ref-type="fig"}) from the EBs periphery were more elongated than cells in the centre which had an irregular shape with a round oval cellular body and short intermeshed cellular processes ([Fig. 4A and B](#fig04){ref-type="fig"}). Small cellular spaces containing collagen fibrils and cellular debris were present in between differentiated cardiomyocytes in the centre of EBs. The nuclei of the cardiomyocytes were more oval in the periphery ([Fig. 3](#fig03){ref-type="fig"}) than in the centre ([Fig. 4](#fig04){ref-type="fig"}) of the EBs where they showed a slightly irregular contour.

![Light microscopy of semi-thin sections. Toluidine blue staining of resin-embedded embryoid bodies of HFKT-iPSC (A) and hESC (B). The red squared marked areas in the periphery of EBs in (A) and (B) have the corresponding light and electron microscopy in [Figure 3](#fig03){ref-type="fig"}. Light and electron microscopy of areas marked with white dashed lines in (A) and (B) are detailed in [Figure 4](#fig04){ref-type="fig"}.](jcmm0015-2539-f2){#fig02}

![Electron micrographs of the EBs periphery (red marked areas in [Fig. 1A and B](#fig01){ref-type="fig"}, higher magnification of blue sections in the corresponding insets) show ellipsoid cardiomyocytes derived from HFK-iPSC (A) and hESC (B). Myofilaments (mf) organized in distinct sarcomeric structures delineated by Z-bands. Lipid droplets (L), glycogen masses (gly) and clusters of mitochondria (m) are visible in cytoplasm of cardiomyocytes. Small junctions (J) connect the cardiomyocytes. N: nucleus. The measured areas of red outlined cardiomyocytes are 69.63 μm^2^ for HFK-iPSC-CM (A) and 55.12 μm^2^ for hESC-CM (B).](jcmm0015-2539-f3){#fig03}

![Electron micrographs of the EBs centre (white marked areas in [Fig. 2A and B](#fig02){ref-type="fig"}) show cardiomyocytes with irregular contour derived from HFK-iPSC (A) and hESC (B). Insets show corresponding blue sections. Cardiomyocytes have myofibrils (mf), Z-bands, lipid droplets (L), glycogen (gly), mitochondria (m). N: nucleus; n: nucleolus. The measured areas of red outlined cardiomyocytes are 55.33 μm^2^ for HFK-iPSC-CM (A) and 69.62 μm^2^ for hESC-CM (B).](jcmm0015-2539-f4){#fig04}

Comparative structural analysis of HFKT-iPSC-CM and hESC-CM
-----------------------------------------------------------

Our findings show that HFKT-iPSC-CM and hESC-CM differ quantitatively in several structural parameters. As seen in [Figure 5](#fig05){ref-type="fig"}, the lengths of the cardiomyocytes were distributed differently within the two groups. Accordingly, as seen in [Table 1](#tbl1){ref-type="table"}, cell length was larger in HFKT-iPSC-CM (11.93 ± 3.99) than in hESC-CM (9.68 + 3.06, *P* \< 0.05). In addition, cell area and cytoplasm area were also larger (*P* \< 0.05) in HFKT-iPSC-CM than hESC-CM. The differences in other parameters were not statistically different between the groups.

![Histograms for measured lengths of HFK-iPSC-CM (A) and hESC-CM (B). The red line represents the ideal situation. In each group, 28 cardiomyocytes were analysed. The analysis included three EBs from each group.](jcmm0015-2539-f5){#fig05}

###### 

Comparative analysis of structural and morphometric aspects of hESC-CM and HFKT-iPSC-CM

  **Parameter**            hESC-CM         HFKT-iPSC-CM    ***P*-value**
  ------------------------ --------------- --------------- ---------------
  Cell area (μm^2^)        42.54 ± 16.9    58.65 ± 20.15   *P* \< 0.01
  Nucleus area (μm^2^)     16.53 ± 6.72    19.71 ± 7.22    N.S.
  Cytoplasm area (μm^2^)   26.01 ± 13.88   38.93 ± 18.99   *P* \< 0.01
  Cell length (μm)         9.68 ± 3.06     11.93 ± 3.99    *P* \< 0.05
  Cell width (μm)          6.21 ± 1.85     6.89 ± 1.79     N.S.
  Ratio NC/CY              0.88 ± 0.40     0.62 ± 0.33     N.S.

*Note*: In each group, 28 cardiomyocytes were analysed. The analysis included three EBs from each group. NC/CY: nucleus/cytoplasm.

Comparative ultrastructural analysis of HFKT-iPSC-CM and hESC-CM
----------------------------------------------------------------

Both HFKT-iPSC-CM ([Figs 3A](#fig03){ref-type="fig"} and [4A](#fig04){ref-type="fig"}) and hESC-CM ([Figs 3B](#fig03){ref-type="fig"} and [4B](#fig04){ref-type="fig"}) showed ultrastructural features of early (centre of EB; [Fig. 4](#fig04){ref-type="fig"}) and immature cardiac phenotype (periphery of EB; [Fig. 3](#fig03){ref-type="fig"}) containing myofibrils ([Figs 3, 4](#fig03){ref-type="fig"} and [6--14](#fig06){ref-type="fig"}), large glycogen deposits ([Figs 4](#fig04){ref-type="fig"} and [9](#fig09){ref-type="fig"}), lipid droplets ([Figs 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}), mitochondria ([Figs 3, 4](#fig03){ref-type="fig"} and [8](#fig08){ref-type="fig"}), rough endoplasmic reticulum ([Fig. 10](#fig10){ref-type="fig"}), sarcoplasmic reticulum ([Figs 7](#fig07){ref-type="fig"} and [11--13](#fig11){ref-type="fig"}) and caveolae ([Fig. 13](#fig13){ref-type="fig"}). Noteworthy, intercellular junctions ([Figs 6](#fig06){ref-type="fig"} and [14](#fig14){ref-type="fig"}) were formed by desmosomes and fascia adherens.

![Electron microscopy of HFK-iPSC-CM. Note highly organized myofilaments which form myofibrils (A) or myofibrils lacking alignment (B) in HFK-iPSC-CM. (A) Z-like dense structures connect bundles of myofilaments. (B) Z-bands clearly show sarcomere limits along myofibrils. J: junctions; L: lipid droplet; m: mitochondria; G: Golgi system.](jcmm0015-2539-f6){#fig06}

![Electron microscopy shows myofibrils with sarcomeric pattern in HFK-iPSC-CM (A) and hESC-CM (B). Sarcoplasmic reticulum cisternae (SR) are visible between Z-bands. m: mitochondria; rib: free ribosomes; gly: glycogen granules.](jcmm0015-2539-f7){#fig07}

![Electron microscopy shows clusters of long and slender mitochondria in HFK-iPSC-CM (A) and hESC-CM (B). SR: sarcoplasmic reticulum; gly: glycogen granules; Z: Z band.](jcmm0015-2539-f8){#fig08}

![Electron microscopy of iPSC-CM mitochondria. (A) Note a long mitochondrion (yellow outlined; 6 μm). (B) Small dense structures (arrows) connect sarcoplasmic reticulum (SR) with a mitochondrion. L: lipid droplets; gly: glycogen.](jcmm0015-2539-f9){#fig09}

![Electron microscopy shows conspicuous rough endoplasmic reticulum (rER) in HFK-iPSC-CM (A) and hESC-CM (B). m: mitochondria; rib: ribosomes; L: lipid droplet; gly: glycogen.](jcmm0015-2539-f10){#fig10}

![Electron micrographs (A--C) show peripheral couplings or 'Ca^2+^ release units' in HFK-iPSC-CM visible as small dense structures (white arrows) between peripheral sarcoplasmic reticulum (SR) and plasmalemma. Longitudinally (A) and transversally (B) sectioned myofilaments. Thin (small black arrow) and thick (thick black arrow) myofilaments are visible in the transverse section (B). Z: Z bands; gly: glycogen; mf: myofilaments; m: mitochondria; CM1 and CM2: indicates that these are different adjacent cardiomyocytes.](jcmm0015-2539-f11){#fig11}

![Electron micrographs (A--C) show 'Ca^2+^ release units' (white arrows) connecting peripheral sarcoplasmic reticulum (SR) and plasmalemma in hESC-CM. gly: glycogen; mf: myofibrils; m: mitochondria; CM1 and CM2: indicates that these are different adjacent cardiomyocytes.](jcmm0015-2539-f12){#fig12}

![Electron microscopy shows caveolae on plasmalemma of HFK-iPSC-CM (A) and hESC-CM (B). Tangent sections of cardiomyocytes plasmalemma show the caveolae surrounded by the peripheral sarcoplasmic reticulum (SR). m: mitochondria; rER: rough endoplasmic reticulum; L: lipid droplets; ECS: extracellular space.](jcmm0015-2539-f13){#fig13}

![Electron microscopy shows desmosomes and adheres junctions connecting HFK-iPSC-CM (A) and hESC-CM (B). CM~1~--CM~3~: different cardiomyocytes; Z: Z-bands; mf: myofilaments.](jcmm0015-2539-f14){#fig14}

Myofibrils
----------

All cells in the EB had myofibrils in the cytoplasm, the main feature defining cardiomyocytic differentiation of HFKT-iPSC and hESC ([Figs 6](#fig06){ref-type="fig"} and [7](#fig07){ref-type="fig"}). The myofibrils showed variable degrees of organization as sarcomeres ([Fig. 6](#fig06){ref-type="fig"}). Myofilaments were present in the cardiomyocytes, and usually were organized in myofibrils with a sarcomeric pattern in both HFKT-iPSC-CM ([Fig. 7A](#fig07){ref-type="fig"}) and hESC-CM ([Fig. 7B](#fig07){ref-type="fig"}). The myofibrils had a winding flow into the cells with straight segments formed by up to eight sarcomeres in HFKT-iPSC-CM, and up to seven sarcomeres in hESC-CM (counted in 28 cells for each type of EB). Sarcomeres mean length was 1.50 ± 0.15 μm in HFKT-iPSC-CM and 1.53 ± 0.16 μm in hESC-CM. Z-bands (about 50-nm thick) had variable span from 0.1 to 2.25 μm (mean: 0.99 ± 0.56 μm for HFKT-iPSC-CM and 1.03 ± 0.62 μm for hESC-CM). No other bands were visible in the sarcomeres construct neither in HFKT-iPSC-CM nor in hESC-CM. The myofibrils were inserted into the developing intercalated disc at the level of fascia adherens ([Fig. 14](#fig14){ref-type="fig"}).

Mitochondria
------------

Electron microscopy showed that mitochondria have similar aspect and distribution in HFKT-iPSC-CM ([Fig. 8A](#fig08){ref-type="fig"}) and hESC-CM ([Fig. 8B](#fig08){ref-type="fig"}). Long (up to 6 μm; [Fig. 9A](#fig09){ref-type="fig"}) and slender (0.2--0.5 μm) mitochondria were clustered in small groups next to the nucleus ([Fig. 3](#fig03){ref-type="fig"}) or in the periphery ([Fig. 4](#fig04){ref-type="fig"}) of cardiomyocytes. The nano-contacts linking mitochondria and sarcoplasmic reticulum cisternae were rare ([Fig. 9B](#fig09){ref-type="fig"}), although these two organelles were closely associated ([Fig. 8](#fig08){ref-type="fig"}).

Sarcoplasmic/endoplasmic reticulum
----------------------------------

HFKT-iPSC-CM ([Fig. 10A](#fig10){ref-type="fig"}) and hESC-CM ([Fig. 10B](#fig10){ref-type="fig"}) equally presented conspicuous rough endoplasmic reticulum and poorly developed sarcoplasmic reticulum ([Figs 11](#fig11){ref-type="fig"} and [12](#fig12){ref-type="fig"}). Few sarcoplasmic reticulum cisterns were peripherally coupled with the plasma membrane by small dense structures ('feet'). Such 'Ca^2+^ release units' were present in the differentiated cardiomyocytes ([Figs 11](#fig11){ref-type="fig"} and [12](#fig12){ref-type="fig"}), although they were infrequent.

Caveolae
--------

The plasma membrane of differentiated cardiomyocytes showed caveolae ([Fig. 13](#fig13){ref-type="fig"}) and coated pits. On oblique sections through the plasmalemma it was obvious that sarcoplasmic reticulum cisternae surround caveolae ([Fig. 13](#fig13){ref-type="fig"}). The basal lamina ([Fig. 13](#fig13){ref-type="fig"}) was visible on the plasmalemma of the cardiomyocytes.

Other organelles
----------------

Other organelles equally visible in HFKT-iPSC-CM and hESC-CM were well-developed Golgi system ([Figs 6B](#fig06){ref-type="fig"} and [8B](#fig08){ref-type="fig"}), lysosomes, centrioles, ribosomes ([Fig. 7](#fig07){ref-type="fig"}) and inconspicuous dense granules. Semi-quantitative assessment of ultrastructural features showed that the organelles were similarly developed in HFKT-iPSC-CM and hESC-CM ([Fig. 15A](#fig15){ref-type="fig"}) but differentiation was not uniform into the EBs ([Fig. 15B](#fig15){ref-type="fig"}). The HFKT-iPSC-CM and hESC-CM in the periphery of the EBs showed more mature phenotype than those in the centre.

![(A) Comparative representation of semi-quantitative assessment of the ultrastructural features of HFK-iPSC-CM and hESC-CM. (B) Comparative representation of semi-quantitative assessment of the ultrastructural features of peripheral (CM_p) and central (CM_c) located cardiomyocytes into the embryoid bodies. rER: rough endoplasmic reticulum; SR: sarcoplasmic reticulum.](jcmm0015-2539-f15){#fig15}

Intercellular junctions
-----------------------

Differentiated cardiomyocytes were connected by desmosomes and fascia adherens often forming together junctional complexes ([Fig. 14](#fig14){ref-type="fig"}), but no canonical intercalated disks with typical step ladder pattern were found. We often found adherens junctions connecting the cellular processes of cardiomyocytes that protruded into neighbouring cardiomyocytes. Finally, gap junctions were not clearly identified by electron microscopy either in HFKT-iPSC-CM or in hESC-CM.

Discussion
==========

The aim of this study was to compare the ultrastructural features of cardiomyocytes differentiated from iPSC (generated from human hair follicle keratinocytes), with hESC-CM. The major finding of our study was the demonstration of an *efficient differentiation* of HFKT-iPSC into cardiomyocytes. These cells have parallel arrays of myofibrils organized into sarcomeres separated by Z bands, junctional sarcoplasmic reticulum and caveolae. HFKT-iPSC-CM are connected by junctional complexes formed by desmosomes and fascia adherens. Anyway, this study shows that HFKT-iPSC-CM have an ultrastructure similar to the ultrastructural aspect of hESC-CM, which has already been described \[[@b11], [@b12]\].

In support of our previous report, this study also shows that HFKT are easily obtainable, highly reprogrammable human cell source for iPSC, and their use for cardiac differentiation is efficient and promising \[[@b4]\]. Structurally, HFKT-iPSC-CM have an immature cardiac ultrastructural phenotype at 31-days of culture, expressed by numerous lipid droplets, high glycogen contents, abundant rough endoplasmic reticulum and variable degrees of myofibrillar organization. We could observe sparse and relatively unorganized myofibrillar bundles in the central cardiomyocytes compared with peripheral cardiomyocytes. The same differences in maturation were observed in EBs derived from hESC. Interestingly, Rajala *et al*. \[[@b13]\] recently reported that cardiomyocytes induction from pluripotent stem cells resulted in mixtures of ventricular-like, atrial-like and pacemaker-like cells defined by intracellular electrophysiological measurements of action potentials. The presence of cardiomyocytes at different developmental stages in the same EB, may underlie the mixed physiological results. In this study we did not find evidence for different sub-types of cardiomyocytes, but we found that HFKT-iPSC-CM located in the middle of the EB have a more immature phenotype than peripheral cardiomyocytes. These findings raise questions regarding the conditions required for: (1) developing a homogenous phenotype of cardiomyocytes from iPSC or hESC and (2) generating evenly mature iPSC-derived cardiomyocytes *in vitro.*

Intercellular communications
----------------------------

The derived cardiomyocytes were connected through complex adhering structures or 'primitive' intercalated disks formed by desmosomes and fascia adherens, but no gap junctions were observed in 31-day-old cultured HFKT-iPSC-CM or hESC-CM. The presence of gap junction seems not essential for intercalated disks formation \[[@b14]\], but adhering type of junction is the prerequisite for subsequent gap junction formation within the intercalated disk \[[@b15]\]. The progressive accumulation of gap junctions in intercalated disks is noted after birth, and a pattern of association between gap junctions and cell adhesion junctions is likely to be an important factor in maturation of electromechanical function of the heart \[[@b16]\].

The sarcoplasmic reticulum, caveolae and mitochondria
-----------------------------------------------------

The ultrastructural analysis in HFKT-iPSC-CM and hESC-CM revealed the presence of 'Ca^2+^ release units' constituted as specialized junctional domains of the peripheral sarcoplasmic reticulum, which commonly express Ca^2+^ release channels (ryanodine receptors). Nonetheless, the actual presence of these structures does not indicate whether or not they are functional. T tubules were not observed, but the biogenesis of T tubules and the formation of dyads is an event that occurs relatively late in mammalian cardiomyocytes development \[[@b17]--[@b19]\]. Indeed, it was reported that in mammals cardiomyocytes contain sarcoplasmic reticulum and peripheral-couplings very early during embryogenesis with a putative role in excitation--contraction coupling \[[@b20]\]. Our analysis further demonstrated that cardiomyocytes from both groups contained caveolae, which were isolated or clustered and surrounded by sarcoplasmic reticulum cisternae.

Caveolae formation seems to be a necessary step in the invagination process of T tubules, and caveolin plays an essential role in this process by allowing membrane curving \[[@b21]\]. Moreover, Xiang *et al.*\[[@b22]\] reported that caveolae host adrenergic receptors, and that this localization is essential for physiologic signalling. Another important finding in HFKT-iPSC-CM and hESC-CM are small dense structures, which connect the sarcoplasmic reticulum with mitochondria. These connections play an important role not only for calcium signalling in smooth muscle cell \[[@b10], [@b23], [@b24]\] and striated muscle \[[@b25]\], but also in the heart \[[@b25], [@b26]\].

In conclusion, this study shows that HFKT-iPSC-CM and hESC-CM have similar ultrastructure and compartmentalized phenotypes: embryonal cardiomyocytes in the centre of the EB and foetal cardiomyocytes in the periphery. Hence, it remains to be investigated how to generate a homogenous cardiomyocytes population *in vitro*. One feasible option is to co-culture the iPSC-CM with cardio-inductive cells or, particularly, with newly described telocytes \[[@b27]--[@b31]\] which seem to have an important role in cardiac development \[[@b32]\] and cardiac regeneration \[[@b29], [@b33]\].

Perspectives, HFKT-iPSC differentiate into cardiomyocytes with similar ultrastructure to hESC-CM, and therefore iPSC-CM constitute a viable option for an autologous cell source for cardiac regenerative therapy, as well as for investigating the mechanisms underlying inherited cardiac diseases such as Long QT syndrome \[[@b34]\].
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